Abstract-This paper presents a new method for the separation of core loss components (hysteresis and eddy current) in laminations exposed to high-frequency excitations. Accurate separation of core losses is achieved by calculating the hysteresis losses at each frequency taking into account the nonuniform flux distribution inside the lamination. The results highlight that the assumption of constant hysteresis energy loss per cycle is only valid at low frequencies, where skin effect is negligible. The developed model is then used to study the effect of the annealing process on core loss components in laminations exposed to high-frequency excitations. Core loss measurements are performed on different laminations at several frequencies in the range of 20-4000 Hz. A comparison of the separated core loss components shows that a huge reduction in the hysteresis losses is achieved by annealing, while the annealing process increases the eddy-current loss component at high frequencies and high flux densities. The results are then analyzed by comparing the separated eddy-current loss with an analytical eddy-current loss model that accounts for the nonuniform distribution of the magnetic field.
a limiting electrical constraint along with the mechanical constraints of vibrations and bearings. Furthermore, in conventional induction motors used in industry, core losses increase when the motor is driven by VSDs, as the flux waveform inside the motor laminations contains high harmonic content that is produced by the VSD distorted voltage waveforms.
The design of modern electrical machines requires accurate quantification of core losses over a wide frequency and flux density range. Various core loss models have been developed to estimate core losses. Most of the early work was done by Steinmetz [2] . In his work, core losses are considered as the addition of hysteresis and eddy-current losses, and the total core loss is given by
K h , K e , and n are the loss coefficients which are dependent on the material. The two-term formulation shows large discrepancies compared to the experimental results, particularly at high flux densities and high frequencies. This difference is normally explained by the excess losses. Bertotti [3] proposed an additional term to explain these excess losses based on the statistical loss theory, and the total core loss is expressed as
where K ex is dependent on the material microstructure, the conductivity, and the cross-sectional area of the lamination. The coefficients of the three-term formulation are generally obtained from the measured core loss data. However, the calculated losses from (2) are only accurate within a certain frequency and flux density range. In more recently developed models [4] , [5] , this range is extended by allowing the coefficients to vary with the frequency and the flux density. However, the determination of these variable coefficients requires additional core loss data at high frequencies and high flux densities. Recently, one of the authors [6] demonstrated, by means of finite-element (FE) simulation, that the excess losses are mainly attributed to the nonuniform distribution of the magnetic field inside the lamination created by both the skin effect and the nonlinear diffusion of the magnetic field. Therefore, the total core losses can be represented by the hysteresis and eddycurrent losses considering the realistic field distribution.
The effect of the nonuniform magnetic field distribution on the lamination losses has been extensively studied in the literature [6] , [7] , [15] , [16] , [19] , [20] . While many analytical 0093-9994/$31.00 © 2012 IEEE and numerical models have been developed to calculate the eddy-current losses considering skin effect, there is no study conducted on the variation of the hysteresis energy loss due to the nonuniform magnetic field distribution. This variation does not only affect the prediction of the hysteresis loss component at high frequency but also change the experimentally separated eddy-current losses.
Section II reviews the methods of core loss separation. Section III presents a new method of core loss separation considering the influence of the nonuniform flux distribution on the hysteresis losses. Section IV investigates the effect of annealing on core loss components in laminations exposed to high-frequency excitations. Section V concludes this paper.
II. REVIEW OF CORE LOSS SEPARATION METHODS
Ideally, the static hysteresis energy loss per cycle is calculated by measuring the area enclosed by the hysteresis loop under static excitation. However, the measurement of the static loop requires special instrumentation [8] . When the magnetic material is exposed to a time-varying magnetic field, the area enclosed by the measured hysteresis loop represents the total core loss per cycle, which includes both the hysteresis and the eddy-current loss components. Therefore, an alternative method is usually used to calculate the hysteresis energy loss per cycle using core loss measurements at different frequencies. In this method, the hysteresis loss per cycle is separated by extrapolating the core-loss-per-cycle-versus-frequency curves at different flux densities to zero frequency. The power loss at zero frequency represents the hysteresis energy loss per cycle. Fig. 1 shows the separation of core loss components by the extrapolation method.
In the extrapolation method, the hysteresis energy loss per cycle is assumed independent of the frequency, and the total hysteresis loss is simply calculated by multiplying the static hysteresis energy loss per cycle by the operating frequency. This assumption is only valid at low frequencies, where the magnetic field across the lamination is uniform. When the lamination is exposed to a time-varying magnetic field, eddy currents are generated inside the lamination. These eddy currents, according to Lenz's law, produce a secondary magnetic field that opposes the applied field. The eddy-current magnetic field is maximum at the center of the lamination, where the contribution of all eddy currents adds, and minimum at the lamination surface. The actual magnetic field inside the lamination is the summation of the applied field and the eddy-current field. Therefore, the distribution of the actual magnetic field is nonuniform across the lamination thickness, being maximum at the surface and minimum at the center of the lamination. The confinement of the magnetic field around the lamination surface is known as skin effect [9] . At low frequencies, the generated eddy currents are small, and skin effect can be neglected. At high frequencies, skin effect is significant, and the peak flux density differs across the lamination thickness. As a result, the local hysteresis loop and the hysteresis energy loss per cycle vary at each point inside the lamination. This variation affects the total hysteresis energy loss per cycle, making it dependent on the magnetic field distribution, which is strongly affected by the frequency. Therefore, the separation of core loss components by the extrapolation method, assuming constant hysteresis energy loss per cycle, is only valid at low frequencies. When skin effect is significant at high frequencies, accurate core loss separation requires taking skin effect into account in the determination of core loss components.
To achieve an accurate core loss separation, a dynamic FE model for the nonlinear hysteresis loop is developed by one of the authors [10] . In the model, Maxwell's equations are solved using the FE method, where the hysteresis at any location of the material is represented by an energetic hysteresis model [11] . The total losses are assumed to be composed of eddy-current and hysteresis losses, which are calculated from the following equations:
where P e is the eddy-current loss in unit mass and unit time, P h is the hysteresis loss in unit mass and unit time, ρ is the mass density of the magnetic material, J e is the eddy-current density in the lamination, σ is the electric conductivity, B is the magnetic flux density, and H is the magnetic field intensity. The eddy-current and hysteresis losses calculated in the FE simulation considering the realistic nonuniform magnetic field are able to predict the measured core losses for frequencies up to 4000 Hz. Table I compares the hysteresis losses calculated by the FE model and the extrapolation method for three different materials. It can be seen that, at 50 Hz, the hysteresis losses obtained from the two methods are in good agreement, while, at 1000 Hz, the extrapolation method shows large errors in the hysteresis loss determination compared to the FE results for the three materials. At low frequencies, the magnetic field is uniform across the lamination, and the impact of skin effect on the hysteresis losses can be neglected. On the other hand, at higher frequencies, skin effect is significant. This causes a deviation between the actual and the static hysteresis energy losses per cycle at high frequency. Therefore, it is only justified to use extrapolation at low frequencies.
Accurate separation of core loss components can be achieved by the FE model with relatively short computing time compared to other FE models. However, it is still impractical to use for establishing an extensive database of core loss components for various materials at different frequencies and flux densities. Therefore, an alternative method needs to be developed.
III. FINITE SECTION METHOD FOR CORE LOSS SEPARATION
This section presents a fast and efficient method for the separation of core losses at high frequencies using an analytical model to describe the flux density distribution across the lamination.
A. Determination of the Static Hysteresis Loss
The static hysteresis energy loss per cycle is obtained from the measured core losses at two frequencies. These frequencies are chosen so that the influence of skin effect on the core loss components is negligible. When skin effect is negligible, the hysteresis energy loss per cycle is independent of frequency, and the total hysteresis losses can be obtained by multiplying the frequency by the static hysteresis energy loss per cycle. Also, the eddy-current loss can be assumed dependent on the square of the frequency. Thus, the total core loss P t can be simply given by
where K depends on the considered lamination and the flux density and W h is the hysteresis energy loss per cycle. Using core loss data P t1 and P t2 at frequencies f 1 and f 2 , W h can be calculated from
The hysteresis loss formula in (1) with constant flux density exponent is found to be applicable for flux densities lower than 1 T, which is less than the flux density level in most electrical machines. In order to extend it to higher flux densities, the formula was modified in [4] and [12] to
where K h , a, b, and c are curve fitting constants obtained from the separated hysteresis energy loss per cycle by (6) .
B. Distribution of Flux Density
In order to study the influence of skin effect on highfrequency hysteresis losses, a flux distribution model is adopted. The flux density amplitude at a given position y from the center of the lamination is given in [8] as
, and σ are the flux density amplitude at the boundary, the angular frequency, the magnetic permeability, the mass density, half the lamination thickness, and the electrical conductivity, respectively. The measured parameter in the experiment is the average flux density B ave which deviates from the flux density at the boundary, when skin effect is present. The peak average flux density is given in [7] by
Equations (8) and (10) are obtained from the solution of Maxwell's equation with an assumption of a linear magnetic material. However, the distribution of flux density is dependent on the magnetic permeability which varies along the hysteresis curve depending on the flux density level. The variation of magnetic permeability affects the distribution of flux density across the lamination thickness, being nonuniform for high values of magnetic permeability and more uniform for low values of permeability at low fields and near saturation. To account for the variation of field distribution with the flux density level, the magnetic permeability is allowed to vary with the flux density. Therefore, the permeability is expressed as a fourth-order polynomial
where K 0 to K 4 are curve fitting coefficients obtained from the measured magnetic permeability at low frequency. Using waveforms obtained from the two models at different locations inside the lamination. This means that the analytical flux model can calculate accurately the peak flux density variation across the lamination thickness and therefore can be used to determine the local hysteresis loops.
When skin effect is significant, the value of the measured average flux density is no longer an accurate measure of the actual flux density inside the lamination which differs in magnitude at each point across the lamination thickness. In addition to the magnitude variation caused by skin effect, there is also a phase difference in the flux density waveforms at different points across the lamination. This time delay causes the peak flux density at different points to occur at different instants of time, and therefore, the measured average flux density is not necessarily the average value of these peak flux densities. For all the aforementioned cases, the actual hysteresis energy loss per cycle at high frequency is no longer equal to the static hysteresis energy loss per cycle at a certain measured average flux density. Therefore, accurate quantification of hysteresis losses at high frequency requires considering the realistic flux distribution inside the lamination.
C. Finite Section Method
A model is implemented to achieve accurate quantification of high-frequency hysteresis losses, taking into account the realistic flux distribution. The calculation starts with constructing the flux density distribution across the lamination thickness using (8)- (11) . The lamination is then divided into n sections. At each section, the hysteresis energy loss per cycle is calculated from (7), depending on the value of the peak flux density. The total hysteresis loss is then calculated by summing the power loss of all the sections. Fig. 3 shows the variation of hysteresis loops across the lamination thickness. A flowchart of the model is shown in Fig. 4 . The model results, shown in Fig. 5 , show that the hysteresis energy loss per cycle increases at high frequencies, particularly when skin effect is significant at high values of magnetic permeability, while, at low fields and near saturation, the hysteresis energy loss per cycle is almost equal to its values at low frequencies. This variation affects the hysteresis loss curve, making it more linear at high frequencies. This implies that the flux density exponent in the original Steinmetz equation should be a function of the frequency, as well as the flux density.
The model results are compared with the hysteresis losses calculated by the FE model and the extrapolation method. Table II compares the hysteresis losses obtained by the three methods at different frequencies at 1 and 1.5 T for unannealed laminations. It can be seen that the model results are in good agreement with the FE hysteresis losses at all the tested frequencies up to 2000 Hz. In addition, at low frequency, when skin effect is negligible, the extrapolation method shows Table II that the variation of the hysteresis energy loss per cycle with frequency is more severe at 1 T than at 1.5 T where the magnetic field distribution is more uniform.
IV. RESULTS
The finite section method described in Section III can be employed by steel manufacturers to achieve accurate breakdown of core loss components at high frequency. This would help in the development of optimized steels for high-frequency applications. The model can also be used to establish a database of core loss components at different frequencies and flux densities. This database would be a first step of developing a formula that accounts for the variation of the hysteresis energy loss with the frequency. Such a formula can improve the prediction of core losses in high-frequency transformers and high-speed electrical machines, where the steel laminations are exposed to high-frequency magnetic fields and skin effect is pronounced. However, the mechanism of core losses in electrical machines is more complicated than single-phase transformers, as the local magnetic field in some parts of the machine varies its direction in space [21] . Currently, no rotational loss data are available from the manufacturers, and the designers are limited to alternating flux data, which accounts for the majority of the losses [22] . Here, the improvement is in the separation of the alternating losses which can lead to better machine designs.
In this section, the developed model is used to separate the measured core losses in annealed and unannealed laminations into hysteresis and eddy-current losses. The separated losses are then used to analyze the effect of annealing on core loss components in laminations exposed to high-frequency excitations.
A. Testing Equipment
The magnetic testing of the samples is carried out using a commercial test system. The system is capable of automatic core loss measurements using the Epstein frame, toroid tester, and single-sheet tester. The system is fully customized for high-frequency testing with increased drive capabilities and enhanced measurement capabilities, as it includes sample temperature monitoring used for testing above 1000 Hz. Secondary waveform correction is used to keep the flux waveform sinusoidal during saturation. The experimental testing is performed using a 352-turn Epstein frame. The frame design allows testing at high frequencies without exceeding the system drive capabilities. The Epstein frame test has a test frequency range of 20-4000 Hz. Core loss measurements at this range allow the gathering of core loss data not generally provided by steel manufacturers. In addition, the system is capable of measuring the ac hysteresis loops from 20 to 400 Hz.
B. Effect of Annealing on the Total Core Loss
Comparative core loss measurements are performed on dry and wet annealed and unannealed laminations with 0.61-mm thickness at various frequencies in the range of 20-4000 Hz. Fig. 6 shows that the particular annealing process (wet or dry) does not affect the total core loss measured at different frequencies. Table III shows a comparison of the measured core loss in the annealed and unannealed samples at different frequencies. From Table III , it is clear that a significant reduction in the lowfrequency core loss is achieved by annealing. This reduction decreases with raising the frequency, until the effect of annealing on the total core loss can be neglected at high frequencies and high densities, as shown in the measured core loss in Fig. 7 . In addition, the magnetic properties of the material are recovered by annealing. This can be clearly observed in the measured magnetic permeability, shown in Fig. 8 .
C. Effect of Annealing on the Hysteresis Loss
The reduction in the total core loss at low frequency achieved by annealing is mainly attributed to the reduction in the hysteresis loss component, shown in Fig. 9 . The reduction in the hysteresis loss by annealing was also reported in [13] and [14] . The hysteresis loss is the dominant loss component at low frequencies. This can be seen from the ratio of hysteresis to eddy current at different frequencies in Fig. 10 . At high frequency, the reduction in the hysteresis losses has less impact on highfrequency core losses, as the eddy-current loss forms the larger portion of the total core losses. Moreover, the hysteresis energy loss per cycle increases at high frequency due to skin effect, as illustrated in Section III. Since the magnetic field distribution in steels with high permeability tends to be nonuniform, the hysteresis loss is more likely to be influenced by skin effect in the annealed samples.
D. Effect of Annealing on the Eddy-Current Loss
While the annealing process is beneficial in terms of reducing the hysteresis loss and improving the magnetic properties of the material, it causes an increase in the eddy-current loss. Fig. 11 shows the effect of annealing on eddy-current loss at 1 and 1.5 T. It can be observed that the eddy-current loss at 1 T is less affected by annealing for frequencies lower than 1000 Hz. For higher frequencies, the eddy-current loss is higher in the annealed samples. At 1.5 T, the annealing increases the eddy-current loss at all the tested frequencies. In order to study the effect of annealing on eddy-current loss, the separated eddy-current loss is compared with the results obtained from an analytical eddy-current loss formula that accounts for the nonuniform flux density distribution inside the lamination. The eddy-current losses at a certain frequency are calculated based on the flux penetration, which is determined by the dimensionless skin depth λ. The formula also takes into account the deviation between the flux density at the lamination boundary and the average flux density measured over the lamination. A full description of the mathematical development of (12), shown at the bottom of the page, can be found in [7] .
As shown in Fig. 12 , the formula predicts the eddy-current loss in the unannealed sample accurately, while a significant deviation is found between the predicted and the calculated eddy-current losses in the annealed samples, where the eddycurrent loss is underestimated substantially. The formula is based on the solution of Maxwell's equations with an assumption of linear magnetic material. According to this assumption, the eddy-current loss should be reduced in the annealed samples, where skin effect is more significant due to its high magnetic permeability, as shown in Fig. 13 ; this forces the eddy currents to flow in a smaller area, increasing the resistance of the eddy-current path and limiting the induced eddy currents and thus reducing the eddy-current losses as shown in the calculated loss in Fig. 14. In contrast, the measured eddy-current loss in the annealed samples is much higher than the predicted values and even higher than the eddy-current loss in the unannealed samples.
The annealing process changes the magnetic properties of the material. This can be clearly seen in the measured hysteresis loops before and after annealing, shown in Figs. 15 and 16 , respectively. Below the knee of the lower branch of the hysteresis curve for annealed samples, it is clear that a small change in the magnetic field causes a large increase in the flux density, while, beyond the knee, the flux density variation is small corresponding to large changes in the magnetic field. This distinctive shape of the hysteresis loop in the annealed samples causes the local flux density to follow almost rectangular profiles [15] , [16] . The steep edges of the local flux density waveforms increase the eddy-current loss in the annealed samples, particularly at high flux densities, where the rectangular profiles of flux density are more pronounced. Moreover, the annealing process causes the grain size of the magnetic material to increase. Growing larger grains is associated with the existence of more widely spaced domain walls, which means that the individual walls have to move faster to produce certain flux change. The rapid movement of walls increases the eddycurrent loss as the eddy currents are located at the moving domain walls [17] . The effect of domain structure on eddycurrent loss can be neglected in the unannealed samples, as it has fine domain structure [18] .
V. CONCLUSION
A model has been implemented to calculate high-frequency hysteresis losses taking into account the nonuniform flux dis- tribution. The results show that the assumption of constant hysteresis energy loss per cycle is only valid at low frequencies where skin effect is negligible, while, at high frequency, the flux density amplitude varies at each point inside the lamination. As a result, the hysteresis energy loss per cycle increases and tends to change linearly related to the flux density.
Comparative high-frequency core loss measurements have been performed on annealed and unannealed samples at various frequencies up to 4000 Hz. Accurate separation of core loss components is achieved by using the model to calculate the hysteresis losses taking into account the realistic flux distribution. The annealing process has been found to significantly decrease the hysteresis losses. On the contrary, the eddy-current losses in the annealed samples are higher than those in the unannealed samples, particularly at high frequencies and high flux densities. The eddy-current losses have been estimated using a formula that accounts for the effect of magnetic field distribution on the eddy-current loss. The formula predicts eddy-current loss accurately in the unannealed samples for frequencies up to 4000 Hz. However, it underestimates eddycurrent losses in the annealed samples, where the local flux density waveforms inside the lamination are almost rectangular. These rectangular flux profiles are attributed to the special shape of the hysteresis loops in the annealed samples.
